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.2013.05.0Abstract The standard test for length change in hydraulic-cement mortars exposed to sulfate solu-
tion, ASTM C1012-95, has been widely used by researchers to study the sulfate resistance of cement
based materials. However, there are deﬁciencies in this test method including lengthy measuring per-
iod, insensitivity of the measurement tool to sulfate attack, effect of curing and pH change. So, in this
study, a model will be built by artiﬁcial neural networks (ANNs) to simulate this test and overcome
these defects. This model will deal with different types of cement in the presence of blast-furnace slag
(GGBFS) or ﬂy ash (PFA). From the results of simulations, it is possible to understand the impact of
cement chemistry and these two types of additions on resistance of sulfate attack more readily, faster,
and accurately. Such an understanding improves the decision making process in every stage of con-
struction and maintenance and will help in better administration of resources.
 2013 Production and hosting by Elsevier B.V. on behalf of Ain Shams University.1. Introduction
The ﬁrst approaches to characterizing sulfate attack were
undertaken back in the 1920s by Thorvaldson, wherein the
chemical interactions of Portland cement components in water
and solutions of alkali salts were studied. He proposed simple
approaches and practical methods for carrying out these tests
and formulated remedies as a direct result of his investigations.
Thorvaldson recognized that a cure might be affected through1223598082.
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02a modiﬁcation of the chemical composition of Portland ce-
ment. He also stipulated that calcium trisulphoaluminate, bet-
ter known as ettringite, is a typical product of the reaction
between hydrated C3A and Na2SO4 solutions at all concentra-
tions and MgSO4 solutions at low concentrations [1].
As early as 1890, Candlot had associated the formation of
ettringite crystals with concrete expansion. It was then known
as the ‘‘cement bacillus’’ [2]. Nearly forty years later, Thor-
valdson explored this phenomenon as the basis for developing
the mortar bar expansion test in order to correlate the chemi-
cal and microstructure changes with the behavior of concrete
exposed to sulfate solutions. The ﬁndings from Thorvaldson’s
works provided new beneﬁcial outlooks in the cement industry
widened the understandings of cement chemistry and im-
proved the notion of concrete durability [3].
Alumina-bearing phases and calcium hydroxide (CH) are
more vulnerable to sulfate attack than other elements presentin Shams University.
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and calcium aluminates hydrate (CAH). The products of reac-
tions are gypsum and calcium sulphoaluminate (ettringite) has
a considerably greater volume than the compounds that re-
place. Thus, the reactions with sulfate lead to expansion cause
internal stresses lead to disruption of the concrete. The mech-
anism of expansion can be considered as, increase in solid vol-
ume, expansion in a topochemical reaction, oriented crystal
growth, crystallization pressure, swelling phenomena, osmotic
pressure, and reversal of local desiccation. Also, the primary
manifestations of sulfate attack in cementitious materials visi-
ble to the naked eye include spalling, delamination, macro-
cracking, and possibly loss of cohesion [4,5].
On the other hand, the available performance tests for eval-
uating sulfate resistance are the rapid mortar bar test, ASTM
C 452 ‘‘standard test method for potential expansion of Port-
land cement mortars exposed to sulfate’’ and ASTM C1012-95
‘‘standard test method for length change in hydraulic-cement
mortars exposed to sulfate solution’’ [6–8]. The ﬁrst test,
ASTM C 452, was originally published and approved by
American society for testing and materials (ASTM C01.29),
the subcommittee for sulfate resistance, in 1960. The test meth-
od involves the measurement of expansion of mortar bars
made from a combination of Portland cement and gypsum.
The gypsum increases the amount of ettringite produced in
the fresh and hardened concrete and accelerates the reactions
typical of sulfate attack. ASTM C01.29 recommends limits
of 0.06% expansion at 14 days for moderate sulfate-resistant
Type II cement and 0.04% expansion at 14 days for severe sul-
fate-resistant Type V cements.
The major advantage of ASTM C 452 is the short dura-
tion of test. The major disadvantage of the test is that it
has shown to be inaccurate when used for testing mortar
made with blends of cement and a mineral admixture. The
ﬁrst problem is that the blended cement does not develop en-
ough maturity in the 14 day measured expansion period. Sec-
ondly, the test does not represent ﬁeld conditions because the
gypsum incorporated into the mix exposes the mortar to sul-
fate attack in its fresh state before hydration has even oc-
curred. These ﬂaws in the test have led researchers to limit
the scope of ASTM C452.
In 1984, ASTM subcommittee Co1.29 began researching the
development of a new performance test that would be applica-
ble to blended hydraulic cement. The result of this work was the
formation and standardization of the mortar bar test ASTM C
1012-95. Sulfate exposure is provided by immersing the mortar
bars into a sulfate solution after the mortar has reached certain
strength. The test criterion requires a maximum expansion limit
of 0.1% at 180 days of sulfate solution exposure for moderate
sulfate resistance and a limit of 0.05% at 180 days for sever sul-
fate resistance. However, there are deﬁciencies in this test meth-
od, including lengthy measuring period, insensitivity of the
measurement tool to the progression of sulfate attack, the effect
of curing especially in the case of mineral admixture, and the
effect of pH change during the time in the solution. In addition
to all this, there is the cost factor.
Recently, some researches on theANN indata processing are
introduced in the ﬁeld of durability, and they are very efﬁcient
compared with simple regression method from experimental
data. In area of research on concrete, ANN technique is mainly
applied tomixture design [9,10], strength evaluation [11,12], and
reaction of hydration [13,14]. Dias and Pooliyadda [15] usedback propagation neural networks to predict the strength and
slump of ready mixed concrete and high strength concrete
(HSC), in which chemical admixtures and mineral additives
were used. According to the authors, the ANNmodels also per-
formed better than the multiple regression ones, especially in
reducing the scatter of predictions [15].
Oztas et al. [16] studied with the ANN for developing a
methodology for predicting compressive strength of HSC with
suitable workability. They arranged to the data used in ANN
model in a format of seven input parameters that cover the
water-to-binder ratio, water content, ﬁne aggregate ratio, ﬂy
ash content, air entraining agent content, and silica fume
replacement. The proposed ANN model predicts the compres-
sive strength and slump value of HSCs [16].
Pala et al. [17] focused on studying the effects of PFA and
silica fume (SF) replacement content on the strength of con-
crete cured for a long-term period of time by using ANN.
The model arranged was composed of eight input parameters
that cover PFA replacement ratio, SF replacement ratio, total
cementitious material, ﬁne aggregate, coarse aggregate, water
content, high rate water reducing agent, and age of samples,
while an output parameter that is compressive strength. The
authors explained that ANNs have strong potential as a feasi-
ble tool for evaluation of the effect of cementitious material on
the concrete compressive strength [17].
The ultimate goal of this study is the use of ANN to create a
model simulates the ASTM C1012-95 standard test and over-
come his ﬂaws. Then, it can be used in analyzing the behavior
of PFA and GGBFS and their impact on the different types of
cement to resistance sulfate attack. Also, use this model as a
quick guide for an engineer to make a decision in the quality
of the cement used in the presence of two types of mineral
additions.2. Experimental program
2.1. Materials and mix proportions
Four commercially available Portland cements were evaluated
in this testing program as Type I, Types II (A and B), and Type
V cement, which contain 12%, 5.1%, 7%, and 0% C3A,
respectively. Chemical and mineralogical component of ce-
ments is provided in Table 1. The ﬁne aggregate used for mak-
ing the mortar was a graded sand meeting the requirements of
ASTM C778-97 [18]. The sand has a speciﬁc gravity of 2.65
and an absorption capacity of 0.5%. Two different types of
mineral admixture were chosen. PFA to replace 20% and
30% and GGBFS to replace 50% of the cement were used.
The chemical analyses of the mineral admixtures are shown
in Table 2.
Clean tap water with a constant w/c ratio of 0.485 was used
in mortar mixing, where it is recommended that the water to
cementations material ratio produce a ﬂow number within
the range of 110 ± 5. But in case of mortars with mineral
admixture ASTM C1012-95 stats, the water to cementations
material ratio shall develop a ﬂow within ±5 of the ﬂow num-
ber found for the mortars with cement only. The mix propor-
tioning consisted of adding one part of cement to 2.75 parts of
graded standard sand by weight: 265 kg/m3 water, 532 kg/m3
cement, and 1456.5 kg/m3 sand. Sixteen different mixes were
used in practical program, description, mix condition, and
Table 1 Chemical and mineralogical component of cements, wt% (EA = equivalent alkalies).
Cement type (ASTM C150) Oxides
SiO2 Al2O3 Fe2O3 MgO SO3 EA LOI IR C2S C3S C3A
I 20.6 5.07 2.09 1.3 3.5 0.64 1.8 0.16 14 61 12
I-II (A) 20.42 4.42 3.94 1.06 2.96 – 0.76 0.13 11.7 62.1 5.1
I-II (B) 20.9 4.5 3.2 1.4 3 0.43 1.3 0.15 25 54 7
V 21.86 3.18 5.66 0.75 3.06 0.38 0.67 – 21.8 54.2 0
Table 2 Chemical analysis of mineral admixtures, wt%.
Mineral admixture SiO2 Al2O3 Fe2O3 CaO MgO SO3 S LOI S.G
ASTM FA 47.8 22.6 5.9 4.56 2.3 0.7 – 0.1 2.16
GGBF slag 32.74 13.23 0.41 44.14 5.62 1.48 1.3 0.2 2.86
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Table 3. The specimens required for ASTM C1012-95 are
2.5 cm\2.5 cm\30 cm mortar bars for expansion measurements
and 5-cm cubes for compressive strength tests. Three mortar
bars were made along with 15 cubes from each batch.
2.2. Techniques and procedures
The specimens were cured following the guideline established
in the ASTM C 684-96 procedure a warm-water method for
initial curing of the mortar specimens after placement [19].
The specimens were stored in a 100% relative humidity envi-
ronment instead of being submerged in tank. The modiﬁed
procedure involved placing the mortar specimens in an envi-
ronmental chamber that was kept at 35 ± 3 C. The molds
were covered with moist cloths and then sealed in plastic bags.
Water trays were also placed inside the chamber to keep the
humidity high. All these steps were done to ensure a 100% rel-
ative humidity environment that was produced, so that the
fresh mortar did not lose any water. Creating this environment
serves the same purpose as immersing the specimens in a cur-
ing tank. The molds were kept in the chamber for 23.5 ± .5 h.
Upon reaching the strength of 197 kg/m2, the mortar bar
specimens were measured for their initial length. Length mea-
surements were made using a length comparator following the
procedures of ASTM C490 [20]. A 30-cm reference bar made
of a low coefﬁcient of thermal expansion steel alloy was used
to zero the gage on the comparator. The sodium sulfate solu-
tion was prepared at least 1 day before its use. Seven length
measurements were taken for each batch at 1, 2, 3, 4, 8, 13,
and 15 weeks after the bars were initially placed in the solu-
tion. Two long-term measurements were taken after 4 and
6 months of soaking. The expansion after 180 days of soaking
is the critical measurement because this value is used as a cri-
terion for determining sulfate resistance.
3. Experimental methodology
At the beginning of prepare of this model, ﬁrst was to identify
the ﬁve parameter that will be used as inputs in the neural net-
work were as follows: type of cement as a function of C3A con-
tent and cement content (CC), as well as, the duration of
exposure (D) and both PFA (FA) and GGBFS (S). Second, se-
lect expansion (E) that happened to specimens corresponding
to these parameter as a target to train a neural network.It is worth mentioning that this model did not take some
other inﬂuencing factors such as the dimensions of the sample
and the chemical composition of the mineral additives where
it cared to simulating the original test with a speciﬁed dimen-
sioned for sample. But it can create other models with the same
technique to study the effect of the specimen’s dimensions, as
well as, the effect of chemical composition of mineral additives.
ANN is composed of simple elements operating in parallel.
These elements are inspired by biological nervous systems. As
in nature, the network function is determined largely by the con-
nections between elements. We can train a neural network to
perform a particular function by adjusting the values of the con-
nections (weights) between elements. Commonly, neural net-
works are adjusted, or trained, so that a particular input leads
to a speciﬁc target output. Such a situation is shown in Fig. 1.
There, the network is adjusted, based on a comparison of the
output and the target, until the network output matches the tar-
get [21].
An overview study on neural network algorithms is provided
byMcCulloch and Pitts [22]. A neuron as a unit with process of
stimulus and reaction is generalized in this system. The training
for learning a set of data is performed with weight (connection
strength), transfer function, andbiases. The error between calcu-
lated results and expected results is decreased with increasing
epochs, and training for learning is ﬁnished within a target con-
vergence. After were getting less error, modelmay not be trained
again as give different results in each time there is new training.
Back propagation neural networks in which a Tansig function
was used as the nonlinear transfer function, and 2 neurons were
chosen as it yielded the most appropriate result.
4. Results and analysis
4.1. Sulfate expansion results for mortars containing cement
only
Fig. 2 presents a comparison between the predicted results
from the model and the experimental results of expansion,
represented by the dotted and solid lines, respectively. The
expansion limits deﬁned for ASTM C1012-95 established
by ASTM Subcommittee C01.29 are depicted graphically
in the ﬁgure by horizontal gridline. According to the limits,
mortars having 180-day expansion of less than 0.05% meet
the requirements for a severe sulfate environment, mortars
with a 180-day expansion of 0.10 or less meet the require-
Table 3 Description, mix condition, and fresh properties of all mortars.
Batch
name
Cement type PFA – GGBFS
(%)
Mix
temp. (C)
R. humidity
(%)
Water
(kg/m3)
Cement content
(kg/m3)
PFA or GGBFS
(kg/m3)
Flow number
PI I None 22.77 63 265 523 0 120
PI F1 I (20%) PFA 21.66 63 260 425 85 121.5
PI F2 I (30%) PFA 21.11 62 257 372 128 119.5
PI-S I Slag (50%) 21.11 60 274 266 241 123
PA I-II(A) None 22.2 63 265 523 0 105
PA-F1 I-II(A) (20%) PFA 22.77 65 262 425 85 107.5
PA-F2 I-II(A) (30%) PFA 22.2 66 258 372 128 117.5
PA-S I-II(A) Slag (50%) 21.66 65 278 266 241 105.5
PB I-II(B) None 22.2 62 265 523 0 107.5
PB-F1 I-II(B) (20%) PFA 22.77 65 261 425 85 106
PB-F2 I-II(B) (30%) PFA 22.2 67 258 372 128 113
PB-S I-II(B) Slag (50%) 23.88 67 279 266 241 114.5
PV V None 23.88 65 265 523 0 97.5
PV-F1 V (20%) PFA 22.2 62 263 425 85 112
PV-F2 V (30%) PFA 22.77 62 260 372 128 114.5
PV-S V Slag (50%) 23.88 65 284 266 241 116
10 O.A. Hodhod, G. Salamaments for a moderate sulfate environment, and mortars with
180-day expansions exceeding 0.1% are only applicable in
mild environments.
Mortar bars, PA, containing Type I-II (A) cement, which
content 5.1%C3A, had 180-days expansion slightly higher than
0.05% for both laboratory experiments and simulation results.
As shown in Table 4, values of these results are 0.06% and
0.083%, respectively. Type I-II (B) cement mortar PB, which
content 7.0% C3A, had expansion slightly higher than the
0.10% at 180 days. It was 0.113% and 0.103% for both labora-
tory experiments and simulation, respectively. Through analyz-
ing these results by limits deﬁned for ASTM C 1012-95, we ﬁnd
that the mortar PA is meeting the requirements for a moderate
sulfate environment and that mortar PB is meeting the require-
ments for a mild sulfate environment.
Moreover, the mortar mix (PV) for Type V cement had the
lowest 180-day expansion. The values of expansion as pre-
sented in Table 4 are 0.037% and 0.04% for both experimental
and simulation results, respectively, and were well below
0.05%. And ﬁnally, the mortar mix (PI), which containing
Type I cement, had the highest expansions of all mortars which
containing types of cement without mineral admixture, as a
180-day expansion of 0.199% and 0.195% was obtained for
the experimental and simulation result. According to limits de-
ﬁned for ASTM C 1012-95, the mortar PV is meeting the
requirements for sever sulfate environment, and the mortar
PI is meeting the requirements for mild sulfate environment.
Generally, results when compared to each other, we ﬁnd
good convergence between results predicted by the model
and the results derived from practical program. In addition,
by analyzing these results, we ﬁnd a large agreement among
these laboratory results, whether or simulation and the expan-
sion limits deﬁned by ASTM C1012-95 when using different
types of cement in concrete subjected to sulfate.4.2. Applications by using the model and practical result to
analyzing the effects of C3A content on sulfate resistance
As discussed in introduction, past research has established that
the most important chemical component of Portland cementaffecting sulfate resistance is the C3A content. Model was
using in order to apply and discover further analysis. Through
the introduction of nine different values of C3A content, which
equal to 0%, 2%, 4%, 5.1%, 7%, 10%, and 12%, and also en-
ter the content of PFA and GGBFS values equal to zero.
Fig. 3 provides a plot of the prediction results of 180-day
expansions that were obtained for the nine value of C3A
content.
The horizontal gridlines in Fig. 3 represent the ASTM
C1012-95 expansion limits established by ASTM subcommit-
tee C01.29. The vertical gridlines in the same ﬁgure represent
the Portland cement C3A content limits established by the
ASTM C 150 speciﬁcations for categorizing sulfate-resistant
cement. A line is provided at 5% C3A to represent the maxi-
mum allowable C3A content of severe sulfate resistance Type
V cement, and another line is provided at 8% to represent
the maximum allowable content for the moderate sulfate-resis-
tant Type I-II or Type II cements. The prediction results from
running the model conﬁrmed the well-supported fact that the
C3A content of cement greatly impacts its sulfate resistance.
The second-degree polynomial trend lines shown in Fig. 3 were
proving that a clear decrease in sulfate resistance as the C3A
content of cement increased. The rate of expansion increased
as the C3A contents increased.
In analysis, the results of expansion for both experimental
results and the predicted from the model with respect to the
ASTM C 1012-95 expansion criteria and the ASTM C 150
speciﬁcations of C3A content limits were found that all expan-
sion results of Type I cement are compatible with ASTM
C1012-95 expansion criteria and ASTM C150 limits. The Type
I cement was found to be adequate in mild sulfate environ-
ments because of its high 180-day expansion is greater than
0.1% at all value of C3A content ranging from 8% to 12%.
Also as illustrated from the trend line in Fig. 3, when Type
II cement contains C3A between 7% and 8%, this ratio makes
Type II cement inadequate for moderate sulfate environments
according to ASTM C1012-95 expansion criteria. But it met
the requirements for moderate sulfate environments according
to both ASTM C1012-95 expansion criteria and ASTM C 150
speciﬁcations of C3A content limits only when C3A content
was between 5% and 7%. The PB mix with Type I-II (B)
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Figure 2 Sulfate expansion of Portland cement mortar only.
Figure 1 Outline of simple neural network architecture.
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0.113%. This is more than 0.1% and is not surprising when the
result from past research is considered.
First of all, when C3A content limits for cement were ﬁrst
being researches in 1949 by the Portland cement association
[23], the value of 7% C3A was established as the borderline be-
tween good and poor cement performance against sulfate at-
tack. Secondly, among the several different cement types in
literature tested in developing the expansion limits for ASTM
C1012-95, no Type II cement with C3A content higher than
6.8% was evaluated. Moreover, the only Bogue method that
used cement with C3A content between 7% and 8% where
blended cements had 180-day expansions of less than 0.1%. Fi-
nally, we can follow this to other components of cement’s
chemistry beyond the C3A content affect its sulfate resistance.
The second-degree equation corresponding to the trend line
shown in Fig. 3 can be used to calculate 180-day expansion cri-
teria that directly correspond with ASTM C 150 speciﬁcations
of C3A content limits. According to the trend line equation, a
180-day expansion of 0.072% corresponds to a C3A content of
5% and the borderline between sever and moderate sulfateTable 4 180-Day expansion for mortar without mineral admixture
Batch name Cement type C3A content (%) % 180-
PA I-II A 5.1 0.06
PB I-II B 7 0.113
PV V 0 0.037
PI I 12 0.199resistance. A 180-day expansion of 0.115% corresponds to a
C3A content of 8% and is thus the borderline between moder-
ate and mild sulfate resistance. These results indicate that bor-
derline cements with C3A content between 7% and 8% that
are considered moderate sulfate resistance cements according
to ASTM C150 speciﬁcation may be categorized as mild sul-
fate resistance cement according to current ASTM C1012-95
expansion limits. Also, ASTM C 150 Type V sever sulfate-
resistant cement with C3A content between 4% and 5% may
be found to only meet moderate sulfate resistance require-
ments when ASTM C1012-95 is used.
4.3. Sulfate expansion results for mortars with mineral
admixtures
Figs. 4–7 and Tables 5–8 represent a comparison between the
predicted results of expansion represented by the dotted line,
and the laboratory results of the experiment represented by
the solid line. The expansion for the mortar without mineral
admixture is also presented in each ﬁgure such that an obser-
vation can be made as to whether the mineral admixture in-
creased or decreased sulfate resistance. Also, the prediction
results are compared with past experience as the ultimate goal
is to evaluate the accuracy of the model for determining the
sulfate resistance of cement–mineral admixture combination.
As illustrated in Fig. 4 and Table 5 for Type I-II (A) ce-
ment, the mortars PA-F1 and PA-F2, which containing 20%
and 30% PFA volumetric replacement, had 180-day experi-
mental expansion 0.038% and 0.044%. Also, they had 180-
day simulation expansion 0.039 and 0.037, respectively. Signif-
icantly reduced expansion by 36% and 26% less than mortar
with Type I-II (A) cement only (PA) which had 180-day exper-
imental and simulation expansion 0.06% and 0.065%, respec-
tively. Also, the mortar PA-S which containing 50% GGBFS
volumetric replacement had a signiﬁcantly reduced expansion
by 33% less than PA mortar where they had 180-day experi-
mental and simulation expansion 0.04% and 0.035%,
respectively.
Fig. 5 and Table 6, for Type I-II(B) cement, the mortars
PB-F1 and PB-F2 had 180-day experimental expansion
0.041% and 0.026%. Also, they had 180-day simulation
expansion 0.045 and 0.037, respectively. Greater reduced
expansion by 64% and 76% less than mortar PB which had
180-day experimental and simulation expansion 0.113% and
0.103%, respectively. Also, the mortar PB-S had greater re-
duced expansion by 57% less than PB mortar where PB-S
had 180-day experimental and simulation expansion 0.049%
and 0.038%, respectively.
Fig. 6 and Table 7 illustrated that the reduction in 180-day
expansions provided by the PFA and GGBFS was relatively
small when the admixtures were used in combination with
the Type V cement. The mortars PV-F1 and PV-F2 relatively, experimental and simulate.
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12 O.A. Hodhod, G. Salamasmall reduced expansion by 19% and 14% less than mortar PV
with Type V cement only which had 180-day experimental and
simulation expansion 0.037% and 0.043%, while they had
experimental and simulation expansion 0.03%, 0.032% and
0.032%, 0,037%, respectively. Also, the mortar PV-S had rel-
atively small reduced expansion by 11% less than PV mortar
where the PV-S had 180-day experimental and simulation
expansion 0.033% and 0.039%, respectively.
The most drastic level of reductions in sulfate expansions
provided by the PFA and GGBFS came when the admixtures
were used with the Type I cement. As showed in Fig. 7 and Ta-
ble 8, the mortars PI-F1 and PI-F2 had drastic level of reduc-
tions in expansion by 85% and 77% less than mortar with
Type I cement only (P1) which had 180-day experimental
and simulation expansion 0.199% and 0.195%. Moreover,
the mortar PI-S had drastic level of reductions in expansion
by 81% less than PI mortar where the PI-S had 180-day exper-
imental and simulation expansion 0.038% and 0.048%, respec-
tively. From these results, we ﬁnd a signiﬁcant correlation
between the results of the practical and simulation results
where the difference between the result of expansion of labora-
tory experiment incident and his counterpart predicted by the
model is ±5%.0 15.
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Figure 4 Sulfate expansion of mortar containing combination of
Type I-II(A) cement with PFA or GGBFS, experimental and
simulate.4.4. Applications by using the model and practical result to
analyzing the effects of PFA and GGBFS content on sulfate
resistance
Simulating results of the ASTM C1012-95 model on mortar
containing the PFA conﬁrmed that the PFA did indeed im-0 00.
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Figure 6 Sulfate expansion of mortar containing combination of
Type V cement with PFA or GGBFS, experimental and simulate.
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Figure 7 Sulfate expansion of mortar containing combination of
Type I cement with PFA or GGBFS, experimental and simulate.
Table 5 180-Day expansion for mortar containing combination of Type I-II (A) cement with PFA or GGBFS, experimental and
simulate.
Batch name PFA or GGBFS Rep (%) % 180-day expansion experimental % 180-day expansion simulating
PA Non 0 0.060 0.065
PA-F1 PFA 20 0.038 0.039
PA-F2 PFA 30 0.044 0.037
PA-S Slag 50 0.040 0.035
Table 6 180-Day expansion for mortar containing combination of Type I-II (B) cement with PFA or GGBFS, experimental and
simulate.
Batch name PFA or GGBFS Rep (%) % 180-day expansion experimental %180-day expansion simulating
PB Non 0 0.113 0.103
PB-F1 PFA 20 0.041 0.045
PB-F2 PFA 30 0.026 0.037
PB-S Slag 50 0.049 0.038
Table 7 180-Day expansion for mortar containing combination of Type V cement with PFA or GGBFS, experimental and simulate.
Batch name PFA or GGBFS Rep (%) % 180-day expansion experimental %180-day expansion simulating
PV Non 0 0.037 0.043
PV-F1 PFA 20 0.030 0.032
PV-F2 PFA 30 0.032 0.037
PV-S Slag 50 0.033 0.039
Table 8 180-Day expansion for mortar containing combination of Type I cement with, PFA or GGBFS, experimental and simulate.
Batch name FA/slag Rep (%) % 180-day expansion experimental % 180-day expansion simulating
PI Non 0 0.199 0.195
PI-F1 FA 20 0.028 0.027
PI-F2 FA 30 0.045 0.037
PI-S Slag 50 0.038 0.048
Simulation of expansion in cement based materials subjected to external sulfate attack 13prove sulfate resistance. Fig. 8 shows the 180-day simulate sul-
fate expansions of all the mortars containing PFA and corre-
sponding mortar with cement only. All mortars containing
the PFA had improve sulfate resistance compared to their
respective mortar with cement only. All mortar with PFA
had 180-day expansion below 0.05% such that each mortarCement Type 
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30% Class F fly ash 
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Figure 8 180-Day simulate sulfate expansions of all the mortars
containing PFA and corresponding mortar with cement only.met the requirement for sever sulfate resistance according to
ASTM C1012 expansion criteria. The level of reduction in sul-
fate expansion depended on the type of cement with which the
PFA was being used. Reduction increased as the C3A content
of the cement increased. Reduction in expansion was as small
as 0.07% when the PFA was used with Type V cement and as
high as 0.171% when the PFA was used with Type I cement.Cement type 
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Figure 9 180-Day simulate sulfate expansions of all the mortars
containing GGBFS and corresponding mortar with cement only.
14 O.A. Hodhod, G. SalamaNo trend was observed concerning the impact of PFA content
on sulfate resistance because sometimes the 20% replacement
mortar had the lower value. This lack of correlation between
sulfate resistance and PFA content for PFA was also discov-
ered by tikalsky and carrasquillo [23].
The second mineral admixture that was simulated in this
model was GGBFS. Past research concerning the effects of
GGBFS on sulfate resistance indicated slag helps to improve
sulfate resistance because it reduces the amount of available
CH. Little research has been done to provide methods for pre-
dicting the effectiveness of one slag versus another except that
some researches have found that using slag at high replace-
ment levels increases its effectiveness in improving sulfate resis-
tance. For run the model, GGBFS volumetric replacement
level of 50% was used. This is a typical replacement value used
for GGBFS in laboratories. Simulating results of the ASTM
C1012-95 model on mortar containing the GGBFS correlated
well with what would be expected from past experience. All the
mortars had reduced sulfate expansion in comparison to their
respective mortar with cement only. Fig. 9 shows the 180-day
simulation expansion of the mortars with GGBFS and the
mortar with cement only. Similar to the mortars with PFA,
all the mortars containing GGBFS had 180-day expansions
less than 0.05%, the level of reductions in expansions increased
as the C3A content of the portland cement increased. Accord-
ing to the ASTM C 1012-95 expansion criteria, all the mortars
with GGBFS met the requirements for severe sulfate resis-
tance. The mortars performed as well as the mortars contain-
ing PFA. These results show that the 50% GGBFS volumetric
replacement level was enough to provide sufﬁcient CH con-
sumption and thus improved sulfate resistance.
5. Conclusions
The conclusions of this study are as follows.
1. Sulfate expansion obtained from ASTM C 1012 model
and experimental found that borderline Portland
cements with C3A contents between 7% and 8% and
4% and 5% had the potential of dropping a sulfate
resistance level according to ASTM C1012 criteria.
This result should raise caution to engineers that
cements with C3A content between 7% and 8% may
not be adequate for moderate sulfate environments,
and cements with C3A content between 4% and 5%
may not be adequate for sever sulfate environment.
2. Sulfate expansion obtained from ASTM C 1012 model
conﬁrmed that major impact of tricalcium aluminate
C3A content in Portland cement mortar on sulfate
resistance as increasing C3A content yielded increased
expansion
3. Results predicted from ANN model for mortars con-
taining PFA or GGBFS showed that the PFA and
GGBFS has signiﬁcantly reduced in sulfate expansions
as each mortar met ASTM C1012 expansion criteria
for severe sulfate resistance.
4. Through the comparison of experimental data and sim-
ulation results, a quite high correlation was found
between the results of experimental by ASTM C
1012-95 test and the resulting from model. It can be
suggested that ANN can reliably predict the value ofthe expansion of mortar bar. These values remained
within the range of the experimental ASTM C 1012-
95 tests found in previous studies.
5. ANN model technique is an adequate for determining
the level of resistance of cementitious material; contain
PFA or GGBFS, against sulfate attack. the model has
been shown to produce consistent and reliable results,
more readily, faster, and accurately
6. ANN model technique overcame the deﬁciencies of
ASTM C 1012-95 test method, lengthy measuring per-
iod, insensitivity of the measurement tool to the pro-
gression of sulfate attack, the effect of curing and pH
change during the time in the solution. Moreover, it
is powerful and low cost.
7. Expansion in mortar bar can be estimated successfully
through neural network algorithm having 2 neurons
and 5 input parameters in mixture design and one out-
put parameter.References
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